A compact mouse MRI has been developed using a 1.0T yokeless permanent magnet and portable MRI console. The entire system was installed in a space measuring 2 m×1 m. The imaging region was the cylindrical volume (35 mm diameter, 50 mm length) at the center of the magnet and was used for whole-brain or body imaging of mice. Whole-brain imaging took less than 90 min for T 1 -and T 2 -weighted 3D images with 2-mm slice thickness and 200-mm in-plane resolution. Body imaging took less than 30 min for T 1 -weighted spin-echo and FLASH 3D images with 0.5-to 1.0-mm slice thickness and 250-to 300-mm in-plane resolution. In addition to the compactness of the system, the mouse MRI has several advantages over high-ˆeld superconducting animal MRI systems in its accessibility to the specimen, similarity to clinical MRI in image contrast, capacity for biological isolation, and maintenance. The results obtained demonstrate the potential of this new system for routine imaging in biomedical laboratories.
Introduction
The number of MR imaging studies in mice is increasing rapidly, primarily because transgenic mice have become widely available. In most such studies, MR imaging of animals employs a system with a high-ˆeld (À4.7T) superconducting magnet, or a 1.5T whole-body clinical MRI is used. However, if a biomedical laboratory wishes to introduce its own system for MR imaging of mice, neither of these systems is suitable because they require a large installation space.
Recently, with progress in design technology for clinical permanent magnets, compact and high-ˆeld (¿1.0T) permanent magnet circuits have become available for MRI. [1] [2] [3] [4] The new magnets have no yokes and comprise permanent magnet material blocks. We report a compact system for MRI of mice that uses a yokeless permanent magnet that can be installed even in small laboratories. 5, 6 Materials and Methods Figure 1a is an overview of the compact MRI for mice that was developed in this study. The system consists of a yokeless permanent magnet (NEO-MAX Co., Ltd., Osaka, Japan), gradient coil assembly, radiofrequency (RF) probe, and portable MRI console. 7, 8 The entire system was installed in a space measuring 2 m×1 m. Figure 1b shows the structure of the yokeless permanent magnet. The magnet comprises Fe-Nd-B permanent magnet blocks that form à`m agic sphere''.
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The magnet blocks were assembled to focus the magnetic ‰ux of the magnetic material to the magnet gap. The size and weight of the magnet was reduced drastically by this yokeless magnet design because the iron yokes of conventional (yoked) MRI magnets are substantial. The speciˆcations of the yokeless magnet are:ˆeld strength, 1.04T at 259 C; gap, 9 cm; homogeneity, 10 ppm over 30 mm dsv; magnet size, 57.4 cm (W) ×52 cm (H)×48 cm (D); and weight, ¿980 kg. Because the magnet has a 9-cm high, 24-cm wide, and 48-cm deep air gap, access to the sample is very easy. T. Shirai et al.
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A home-built planar gradient coil set wasˆxed on the faces of the pole pieces of the magnet. An RF shield box made of 0.3-mm-thick brass plates wasˆxed between the gradient coil planes. An 8-turn solenoid coil (32 mm diameter, 50 mm length) wasˆxed at the center of the RF shield box for brain imaging of mice. Another RF shield box with an RF solenoid coil with a larger bore was used for body imaging of mice and phantoms.
Measurements of Permanent Magnet Performance
To measure the temporal stability and spatial homogeneity of the permanent magnet, 2 experiments were performed. Theˆrst involved long-term measurements of the Larmor frequency and temperature of the magnet when the imaging gradients were turned on and oŠ. The second involved imaging water phantoms to measure the size of the availableˆeld of view (FOV) for imaging mice. Two water phantoms were prepared for the above experiments as follows. 
Animals and Anesthesia
Animal studies were performed under the guide- line of the University of Tsukuba. Male ICR mice (8 to 13 weeks old) were used for MRI studies. One mouse received 0.6 mL of an equal-volume mixture of 0.8z MnCl2 solution and 1.9z glucose solution via subcutaneous injection. 9 Mice were anesthetized with iso‰urane (3¿5z) in air. To maintain anesthesia, the volume of iso‰u-rane relative to the air was reduced to 0.5¿1.5z. After anesthesia, the mice were placed in a customdesigned mouse holder toˆt inside the RF coil. Mice were imaged using 3D spin-echo or 3D FLASH sequences with an internal nuclear magnetic resonance (NMR) lock technique described previously. 8 All the mice recovered after imaging experiments of a few hours. Figure 2 shows the Larmor frequency and temperature of the magnet measured for about half a day when a 3D spin-echo imaging sequence (repetition time [TR]＝100 ms, echo time [TE]＝12 ms) was applied. The temperature was measured at 2 locations, on the side of the magnet using Pt resistance thermosensors and at the magnet gap space using a thermocouple. Figure 2a shows the dataset when theˆeld gradients were oŠ, and Fig. 2b shows the dataset when the gradients were on.
Results
Measurements of Permanent Magnet Performance
The Larmor frequency f(T ) MHz was plotted as a temperature (T9 C) by assuming the following relation: f(T )＝44.064s 1-0.0011(T-25.0)t . This equation is based on Larmor frequency of 44.064 MHz at 25.09 C and the assumption that the temperature coe‹cient of the magnetic ‰ux density of the permanent magnet is -1100 ppm W deg. 10 Figure 2 clearly shows that the magneticˆeld gradients considerably aŠect the magnet temperature and Larmor frequency (magneticˆeld strength). Figure 3 shows 2D images of water phantoms selected from 3D-image datasets acquired with 3D spin-echo imaging sequences. Although the homogeneity (10 ppm) of the magnet was guaranteed only in the central 30-mm dsv, these results clearly demonstrate that the cylindrical region (35-mm diameter, 50-mm length) can be used to image mice. Mouse Imaging Figure 4 shows 2D images of a mouse brain selected from 3D-image datasets acquired with 3D spin-echo sequences. All images were acquired with the following parameters: FOV, 25.6 mm×25. Figure 6 shows cross-sectional images of an MnCl2-treated mouse brain selected from a 3D-image dataset acquired by 3D FLASH sequence (TR＝30 ms, TE＝5 ms, FA＝809 , NEX＝8). The mouse was imaged 8 days after administration of MnCl2. In the coronal plane (Fig. 6a) , image intensities at the anterior pituitary and hippocampus are enhanced. In the sagittal plane (Fig. 6b) , the olfactory bulb, inferior colliculus, and hippocampus are 
Discussion
The rate of increase in temperature (¿0.07 deg W h) caused by the gradients shown in Fig. 2b can be accounted for quantitatively by the Joule heat of the gradients. The Larmor frequency change of ¿3.4 kHz W h, corresponding to ¿0.07 deg W h temperature drift, was corrected using a time-sharing internal NMR lock technique described previously. 8 The mouse images presented in Figs. 4 to 6 clearly demonstrate that the NMR lock technique worked quite well in this system.
The results of experiments on phantoms and of mouse coronal body imaging demonstrated that the central cylindrical region (35-mm diameter, 50-mm length) can be used for MR imaging. This region was also used for imaging rat brains, 6 but is not suitable for imaging rat bodies.
In the mouse-imaging experiments, we used 3D imaging instead of multi-slice imaging, which is usually used in clinical MRI. Three-dimensional imaging has several advantages over multi-slice imaging when a number of signal accumulations are inevitable. In our situation, gapless image acquisition was most proˆtable because slice gap is inevitable in a standard multi-slice imaging procedure. Although the solenoid coil has about a 2-to 3-fold SNR advantage over saddle-shaped or birdcage coils, 11 the 1.0Tˆeld strength requires signal accumulations of at least several-fold for mouse imaging, in which high spatial resolution is indispensable.
The imaging time of the T1-weighted sequence was reasonably short for both brain and body imaging, as shown in the preceding section. The imaging time for the T2-weighted imaging sequence, however, was not short enough for weak mice. Therefore, the T2-weighted imaging sequence should be shortened using a 3D fast spin-echo sequence or some other faster sequence.
Although the SNR of the MR images obtained with this system may be lower than that achieved with MRI using high-ˆeld superconducting magnets, this system has several advantages over such systems. Theˆrst is compactness of the system; the entire system was installed in a space 2 m×1 m compared to more than about 20 m 2 required for an animal MRI system using a high-ˆeld superconducting magnet. The second advantage is accessibility to the mouse. Because the distance between the center and the opening of the magnet is only 24 cm and the size of the gap is 24 cm wide by 9 cm high, access to mice is easier than with high-ˆeld Compact Mouse MRI Vol. 4 No. 3, 2005 superconducting animal MRI systems, in which the distance between the center and opening of the magnet is usually more than 50 cm. The third advantage is similarity of image contrast to that of clinical MRI systems. As is well known, image contrast in MRI is largely aŠected by resonance frequency (magneticˆeld strength) because T1 and T2* depend on resonance frequency. So, contrast between MR images acquired with high-ˆeld animal MRI systems and with clinical MRI systems, which usually use a 1.5T magneticˆeld, cannot be compared directly. Our system has a certain advantage on this point because the magneticˆeld strength is close to that of clinical MRI. The fourth advantage is the capability for biological isolation. Not a few biological laboratories using mice require strict biological isolation from the outside environment, so use of superconducting animal MRI systems is di‹cult because cryogen reˆll or refrigerator maintenance may destroy the biological isolation. Theˆfth advantage is magnet maintenance. Although the permanent magnet needs some electrical power to regulate temperature, no cryogen reˆll or cold-head replacement of the refrigerator is required.
Conclusion
We have developed a compact mouse MRI using a 1.0T yokeless permanent magnet and portable MRI console, and we have demonstrated its potential by imaging several mice. The system's several unique advantages over existing systems for MR imaging of mice recommend its usefulness as a tool for routine imaging in biomedical laboratories.
